Tumor heterogeneity presents a substantial barrier to increasing clinical responses mediated by targeted therapies. Broadening the immune response elicited by treatments that target a single antigen is necessary for the elimination of tumor variants that fail to express the targeted antigen. In this study, it is shown that adoptive transfer of T cells bearing a chimeric antigen receptor (CAR) inhibited the growth of target-expressing and -deficient tumor cells within ovarian and lymphoma tumors. Mice bearing the ID8 ovarian or RMA lymphoma tumors were treated with T cells transduced with a NKG2D-based CAR (chNKG2D). NKG2D CAR T cell therapy protected mice from heterogeneous RMA tumors. Moreover, adoptive transfer of chNKG2D T cells mediated tumor protection against highly heterogeneous ovarian tumors in which 50%, 20%, or only 7% of tumor cells expressed significant amounts of NKG2D ligands. CAR T cells did not mediate an in vivo response against tumor cells that did not express sufficient amounts of NKG2D ligands, and the number of ligand-expressing tumor cells correlated with therapeutic efficacy. In addition, tumor-free surviving mice were protected against a tumor re-challenge with NKG2D ligand-negative ovarian tumor cells. These data indicate that NKG2D CAR T cell treatment can be an effective therapy against heterogeneous tumors and induce tumor-specific immunity against ligand-deficient tumor cells.
Introduction
Tumor heterogeneity and acquired resistance present two significant obstacles to the clinical success of anti-cancer treatments. Tumor cells within the same neoplasm often express heterogeneous antigens on their cell surface and selectively lose expression of a target antigen following any treatment targeting a specific molecule [1] [2] [3] . This diversity in antigen expression contributes to tumor persistence and incomplete responses in some clinical trials employing adoptive T cell transfer 4, 5 . However, some adoptive T cell therapies have been shown to induce objective responses and decrease morbidity and mortality in some scenarios [6] [7] [8] [9] . The ability of any targeted therapy to mediate long-term clinical remission is dependent on the elimination of tumor variants that lose expression of the targeted antigens.
Harnessing endogenous lymphocyte immunity is one method of enhancing the efficacy of therapies targeting a single molecule. Although host lymphocytes infiltrate tumors, they are often unable to reduce tumor growth and may persist in a suppressed state due to tumormediated immune regulation. However, therapies that modify the tumor microenvironment are capable of relieving immunosuppression and activating host lymphocytes to promote tumor destruction [10] [11] [12] [13] [14] . In fact, anti-cancer treatments targeting a single molecule have been shown to activate an endogenous response against non-targeted tumor antigens [15] [16] [17] [18] [19] [20] . Since host T cells can express a broad receptor repertoire that recognizes many tumor antigens and once activated are capable of responding against tumors, these host T cells may enhance the efficacy of anti-cancer treatments by controlling the outgrowth of tumor variants.
Methods of re-directing T cell specificity to MHC unrestricted tumor antigens have been developed. Chimeric antigen receptor (CAR) transduced T cells have been engineered to recognize CD19, Her2/neu, NKG2D ligands, and a variety of other targets 21, 22 . CAR expressing cells signal through CD3ζ and other co-stimulatory molecules to activate T cell effector function and induce tumor elimination following engagement with target-positive tumor cells 22 . Treatment of tumor-bearing mice with NKG2D CAR T cells induces longterm tumor-free survival in several tumor models, including the ID8 ovarian cancer model [23] [24] [25] . NKG2D CAR T cells activate endogenous tumor-specific CD8 + and CD4 + T cell responses that are required for optimal elimination of the tumor 24, 26, 27 . However, CAR T cells target a single antigen, so heterogeneity in target antigen expression within the tumor may impair CAR T cell-mediated tumor destruction. This study demonstrates that NKG2D CAR T cell treatment inhibits the growth of heterogeneous tumors consisting of NKG2D ligand-expressing and ligand-deficient tumor cells. Furthermore, tumor-free mice were protected from a challenge with NKG2D ligand-deficient tumor cells. These data demonstrate the ability of NKG2D CAR T cells to treat ligand heterogeneous tumors and prevent tumor variant outgrowth. In addition, these data highlight the potential for CAR expressing T cells to attack tumor cells and shape the tumor microenvironment to promote host immunity to eliminate tumors.
Results and Discussion

CAR T cell therapy treats heterogeneous lymphomas and ovarian tumors
Tumor antigen expression is often heterogeneous within the tumor 28, 29 . When a single targeting agent is used, it may lead to the survival and outgrowth of tumor cells that have lost or reduced expression of the targeted molecule. Because adoptively transferred effector T cells have the ability to directly attack tumors and activate host anti-tumor immunity, it is possible for this type of immunotherapy to result in a host immune response against tumor antigens other than the target antigen, a phenomenon referred to as epitope spreading. To determine whether adoptive T cell therapy with NKG2D CAR T cells induced a response that inhibited the growth of NKG2D ligand-deficient tumor cells within a heterogeneous tumor, mice were inoculated with mixtures of ligand+ and ligand-tumor cells along with chNKG2D T cells or wtNKG2D control T cells. RMA-RG tumor cells express high amounts of the NKG2D ligand Rae-1 ( Fig. 1A) . Mice received 5 × 10 4 or 1 × 10 4 RMA lymphoma cells (no ligands), 5 × 10 4 RMA-RG tumor cells (ligand + ), or a mixture of 1 × 10 4 RMA and 4 × 10 4 RMA-RG tumor cells (20% ligand − cells). In the same inoculation, mice were treated with chNKG2D or wtNKG2D T cells. ChNKG2D T cell treatment resulted in no tumor growth, while mice treated with wtNKG2D T cells failed to control the growth of heterogeneous lymphoma tumors ( Fig 1B) . In a second set of experiments, mice received 2.5 × 10 4 RMA lymphoma cells (ligand − ), 2.5 × 10 4 RMA-RG tumor cells (ligand + ), or a mixture of 2.5 × 10 4 RMA and 2.5 × 10 4 RMA-RG tumor cells (50% ligand − ). The mice receiving the 1:1 tumor mixture received an equal number (2.5 × 10 4 cells) of each tumor type as the single tumor control groups, and this was double the total tumor cell inoculums of the controls. NKG2D CAR T cell treatment impaired tumor growth and enhanced the survival of mice given heterogeneous lymphoma tumors in which half of the tumor cells lacked expression of NKG2D ligands, and resulted in no tumor growth in mice given NKG2D ligand expressing tumor cells ( Fig. 1C and 1D ). Mice given ligand-deficient RMA tumor cells and chNKG2D T cells did not have altered tumor growth compared to control mice with RMA tumor cells. These data demonstrate that NKG2D CAR T cell therapy impairs the growth of NKG2D ligand-negative tumor cells within ligand heterogeneous lymphomas.
It was previously shown that T cell effector cytokines secreted by adoptively transferred T cells recruit host leukocytes and transform the tumor milieu from immunosuppressive to immunostimulatory in ID8 ovarian carcinoma 24, 26 . The CAR T cell treatment-induced proinflammatory changes to the tumor microenvironment likely enhance the efficacy of NKG2D CAR T cell therapy by promoting destruction of any ligand-negative tumor cells.
To determine the extent that chNKG2D T cell therapy inhibited the growth of NKG2D ligand-negative tumor cells, ID8 tumor cells were engineered to reduce surface expression of NKG2D ligands using an shRNA against all Rae1 isoforms ( Fig. 2A ). ID8 ovarian cancer cells do not express the NKG2D ligands Mult1 or H-60, so reduction in Rae-1 expression results in no NKG2D ligand expression 30 . The expression of Rae1 was reduced 90% compared to wildtype ID8 tumor cells ( Fig. 2A) , and the tumor cells grew at a similar rate in vitro regardless of Rae1 expression. Knockdown of Rae1 significantly impaired chNKG2D T cell lysis of ID8/GFP-shRae1 tumor cells compared to ID8/GFP tumor cells, but there was more lysis of ID8/GFP-shRae1 tumor cells when compared to wtNKG2D T cell lysis ( Fig.  2B ). ChNKG2D T cells also produced significantly less IFN-γ in response to stimulation with ID8/GFP-shRae1 cells compared to ID8/GFP cells ( Fig. 2C) . Importantly, the expression of Rae1was reduced to the point that treatment with chNKG2D T cells was ineffective at inhibiting the growth of ID8/GFP-shRae1 cells in vivo ( Fig 2D) .
To determine how tumor heterogeneity affected chNKG2D T cell inhibition of ovarian tumor growth, ID8/RFP (ligand expressing) or ID8/GFP-shRae1 (ligand-deficient) tumor cells were injected into mice. Mice were treated with chNKG2D or wtNKG2D T cells 5, 7, and 9 weeks post-tumor injection, a time when solid tumors are known to be present in the peritoneum 26 . The chNKG2D T cell treatment inhibited tumor growth in mice bearing ID8/ RFP (ligand + ), but not in mice bearing ID8/GFP-shRae1 tumors (ligand − ) alone, where tumor cells lacked expression of Rae1 ( Fig. 2D ). Thus, although the expression of Rae1 was reduced but not eliminated by shRNA knockdown, the remaining Rae1 expression did not lead to a significant anti-tumor response by the chNKG2D T cells in vivo. However, chNKG2D T cells reduced tumor burden in mice bearing a 1:1 mixture of ID8/RFP and ID8/ GFP-shRae1 tumors compared to wtNKG2D T cell treated mice. The reduction not only occurred due to a decrease in the number of NKG2D ligand + tumor cells, but also in the number of NKG2D ligand-deficient tumor cells ( Fig. 2E) . In a second set of experiments, mice received 2 × 10 6 ID8/RFP (ligand + ) cells, ID8/GFP-shRae1 (ligand − ) cells, or mixtures of 1:4 RFP:GFP cells (80% ligand − cells) or 1:13 RFP:GFP cells (93% ligand − cells). There was a significant decrease in overall tumor burden in mice that had 80% or even 93% of ligand-tumor cells compared to control treated mice (Fig. 2F ).
The elimination of ligand-deficient tumor cells following CAR T cell transfer may be due to the recruitment and activation of host leukocytes. ChNKG2D T cell therapy recruits activated host antigen-specific CD4 + and CD8 + T cells, and tumor elimination mediated by this therapy is impaired in Rag −/− hosts 24, 26, 27 . These activated host lymphocytes may respond and lyse ligand-negative tumor cells. In addition, chNKG2D T cell therapy activates endogenous macrophages in an IFN-γ-dependent manner 26, 31 . The activated macrophages at the tumor site have been shown to kill ID8 tumor cells, and their depletion with clodronate-encapsulated liposomes demonstrated their requirement for optimal tumor elimination following chNKG2D T cell transfer 31 . Activated macrophages may be one mechanism to remove the NKG2D ligand-deficient tumor cells. Moreover, CAR T cellderived cytokines change the tumor microenvironment to make it unfavorable for tumor growth. After chNKG2D T cell transfer, macrophages and leukocytes at the tumor site produce less VEGF, IL-6, IL-10 and other regulatory molecules that promote tumor growth 31 . Taken together, tumor-variants not recognized by the CAR-bearing T cells may be eliminated by activated host myeloid cells and host lymphocytes at the tumor site.
Previous studies demonstrated that lymphodepletion with cyclophosphamide did not improve or worsen the therapeutic efficacy of NKG2D CAR T cell therapy 23 . We suspect the reason is that although lymphodepletion creates space and promotes increased survival of the infused T cells, it also eliminates host leukocytes that are activated by CAR T cellderived cytokines and prevents their anti-tumor activities. Thus, the benefits of lymphodepletion were cancelled out by the adverse effects on host leukocytes, the end result being similar survival.
In addition, these results demonstrate a correlation with the amount of target antigen heterogeneity and the therapeutic efficacy of NKG2D CAR T cell therapy. The outgrowth of tumors in mice challenged with 1:1 lymphoma tumors (50% ligand − ), but not in mice challenged with 4:1 tumors (20% ligand − ), may be due to fewer targeted tumor cells within the tumor or the inability of the CAR T cells to stimulate host immunity fast enough to eliminate this rapid growing lymphoma. Fewer tumor cells recognized by the CAR T cells may result in the secretion of lower amounts of effector cytokines, which have been shown to modify the tumor microenvironment and activate host immunity 24, 26 . The greater numbers of ligand-negative tumor cells in the 1:1 lymphomas may escape tumor control mediated by CAR therapy prior to the initiation of a robust host anti-tumor immune response. The more robust inflammatory response initiated by NKG2D CAR T cells in mice bearing 4:1 lymphomas may disrupt the tumor microenvironment and activate sufficient host immunity to destroy the remaining ligand-negative tumor cells before they escape immune control.
ChNKG2D T cell therapy confers protection against a NKG2D ligand-negative tumor cell re-challenge
It has been shown that chNKG2D T cells induce host immunity against tumor antigens in several murine tumor models, and that the host immune response plays a key role in NKG2D CAR T cell mediated long-term protection and increased survival 23-26, 32, 33 . Long-term surviving mice are resistant to specific tumor challenge and generate specific anti-tumor responses, and the evidence indicates that there are no chNKG2D T cells remaining in these mice 23, 33 . Moreover, mice-bearing RMA-RG tumors (Rae1 + ) and treated with chNKG2D T cells are protected from a secondary tumor challenge with parental RMA tumor cells (Rae1 − ) 25, 32 . To test whether host protection induced by chNKG2D T cell therapy also conferred protection against a re-challenge with NKG2D ligand-deficient ovarian tumor cells, ID8/GFP-shRae1 cells were injected i.p. into tumor-free surviving mice or naïve mice and tumor burden was evaluated in these mice after eight weeks. Both the formation of solid tumors and growth of tumor cells in ascites were inhibited compared to naïve mice (Fig. 3A) . Thus, mice that had been successfully treated with NKG2D CAR T cells were protected against a re-challenge with ID8/GFP-shRae1 tumor cells, whereas naïve mice were not protected from tumor growth.
In contrast to naïve mice, T cells from tumor surviving mice responded to ID8/GFP-shRae1 tumor cells as evidenced by IFN-γ production when spleen cells were cultured with tumor cells in vitro (Fig. 3B ). It has been shown previously that this IFN-γ response was due to host T cell production of IFN-γ 24, 33 . However, culture of the same splenocytes with RMA or RMA-Rae1 lymphoma cells did not induce IFN-γ production, indicating the activity was not related to the recognition of Rae1 but to specific recognition of ID8 tumor cells.
In this study, we provide evidence that NKG2D CAR T cell treatment can inhibit the growth of antigen heterogeneous tumors in which a many of the tumor cells lack expression of the targeted tumor molecule. The ability of CAR T cells to attack heterogeneous tumors and induce endogenous immunity against various tumor antigens likely enhances immune surveillance and thus prevents tumor variant survival and tumor escape. In conclusion, CAR-bearing T cells not only directly attack tumor cells, but they modulate the host microenvironment to promote anti-tumor immunity and eliminate tumor variants leading to increased overall survival. These data have implications for the efficacy of CAR directed immunotherapies and for host conditioning regimens that deplete leukocytes prior to adoptive T cell transfer.
Methods
Mice
Female C57BL/6 mice were purchased from the National Cancer Institute (Frederic, MD) and were older than seven weeks before use. All animal work was performed in the Center for Comparative Medicine and Research in accordance with institutional guidelines.
Cell lines
Murine ovarian cancer cell lines (ID8, ID8/GFP, ID8/RFP and ID8/GFP-shRae1) cells were grown in the Dulbecco modified Eagle medium (DMEM) and the murine lymphoma cell lines (RMA and RMA-RG) were grown in RPMI medium.
Generation of ID8-GFP-shRae1 cells
A shRNA sequence specific for Rae-1 was designed using the BLOCK-iT RNAi Designer (Invitrogen). The shRNA sequence 5′-GATCCGGACACTCACAAGAC AATGGTTCAAGAGACCATTGGTCTTGTGAGTGTCCTTTTTG-3′, and its complementary sequence, 5′-AATTCAAAAAAGGACACTCACAAGACCAATGGTCATTTGAACCATTGGTCTGTG AGTGTCCG-3′, were annealed at 95°C for 30 seconds, 72°C for 2 minutes, 37°C for 2 minutes, and 25°C for two minutes. The product was inserted into a linearized retroviral pSIREN-RetroQ vector (Clontech), and ID8/GFP-shRae1 cells were made by retroviral transduction of ID8/GFP cells. The generation of retrovirus using the packing cell line PT67 and the retroviral transduction were performed as previously described 34 .
Preparation of genetically modified chNKG2D and wtNKG2D T cells
Spleen cells from a C57BL/6 mouse were stimulated with 1 μg/ml of Con A for 18 hrs and transduced as previously described 25 . The chNKG2D construct was created by fusing the murine CD3ζ chain cytoplasmic region coding sequence to the full-length gene of murine NKG2D. Two days after transduction T cells were selected for 3 days in medium containing 0.5 mg/ml of G418 and 25 U/ml of recombinant human IL-2. Viable cells were isolated using Histopaque-1083 (Sigma-Aldrich), then the cells were expanded for 2 days without G418. The transfused NKG2D CAR T cells contain approximately 90% CD8 + and 10% CD4 + T cells.
Tumor cell injection and treatment of mice
To determine the effects of chNKG2D T cell treatment on the growth of ID8 ovarian tumors, mice received an intraperitoneal (i.p.) injection of 1 or 2 × 10 6 ID8/GFP, ID8/RFP, or ID8/GFP-shRae1 ovarian tumor cells and were treated i.p. with chNKG2D or wtNKG2D T cells (5 × 10 6 ), as indicated in each figure legend. For the tumor re-challenge experiments, tumor-surviving mice were re-challenged with 2 × 10 6 ID8/GFP-shRae1 cells i.p. 250 days after the initial ID8/GFP injection. After 8 weeks, the number of solid tumors and tumor cells in the peritoneal cavity were assessed.
For the determination of the direct effects of chNKG2D T cells on the growth of RMA or RMA/Rae1-GFP (RMA-RG), chNKG2D or wtNKG2D T cells (5 × 10 6 ) were mixed with RMA-RG (5 × 10 4 ) cells, RMA (1 × 10 4 ) tumor cells, or a 1:1 or 4:1 mixture of RMA-RG and RMA tumor cells, and they were immediately injected subcutaneously into the shaved right flank of recipient mice. Additional control mice were subcutaneously injected with RMA tumor cells (1 × 10 4 to 5 × 10 4 ) but did not receive T cell treatment. Tumor dimensions were measured using a caliper, and the tumor area was calculated for each recipient.
Flow cytometry
Cells isolated from the peritoneal wash were analyzed by flow cytometry for expression of RFP and/or GFP. To detect surface NKG2D ligand expression, cells were stained with APCconjugated anti-Rae1 (R&D Systems). Cell fluorescence was monitored using a FACSCalibur cytometer (BD Biosciences) or C6 Accuri cytometer (BD Biosciences). Flow cytometry analysis was performed using FlowJo software (Tree Star, Ashland, OR) or C6 Accuri analysis software.
Cytokine production in secondary stimulation cultures
WtNKG2D or chNKG2D T cells (10 5 cells) were cultured with irradiated (120 Gy) ID8/ GFP or ID8/GFP-shRae1 (2.5 × 10 4 ) tumor cells in a 96 well flat-bottom plate for 24 hours or with RMA or RMA-RG lymphoma cells (10 5 ) in a 96 well round-bottom plate. Cell-free supernatants were collected after 24 hours and assayed for IFN-γ by ELISA using DuoSet ELISA kits (R&D Systems).
Cytotoxicity by chNKG2D T cells
Lysis of ID8/GFP or ID8/GFP-shRae1 tumor cells was determined by 51 Cr-release assays, as previously described 34 .
Statistical analysis
Differences between groups were analyzed by a Student's t-test, ANOVA and Newman-Keuls post-test, long-rank test, or a Dunn's multiple comparison test, as detailed in each figure (GraphPad Software). Significant differences between individual groups are shown in each figure. Values of p < 0.05 were considered significant. (a) Expression of the NKG2D ligand Rae1 on sorted ID8/GFP-shRae1 cells (black unfilled; MFI 17), ID8/RFP cells (black filled; MFI 89), and isotype control cells (gray unfilled; MFI 10). (b) Lysis of target ID8/GFP cells (unfilled triangle) or ID8/GFP-shRae1 cells (filled square) by effector chNKG2D T cells or lysis of ID8/GFP cells by wtNKG2D T cells (unfilled square) is shown for three different effector to target ratios. (*, p < 0.05 vs. wtNKG2D + ID8/GFP; †, p < 0.05 vs. chNKG2D + ID8/GFP-shRae1). (c) IFN-γ production by wtNKG2D or chNKG2D T cells stimulated with media or irradiated RMA, ID8, or ID8/GFP-shRae1 tumor cells was measured. Differences between groups were analyzed by Student's t-test (***, p < 0.001 vs. media). (d) Mice (10-12 per group) were injected with 10 6 ID8/GFP-shRae1 cells, ID8/RFP cells, or a 1:1 mixture of both. The mice receiving the 1:1 tumor mixture received the same number (10 6 cells) of each tumor type as each single tumor control, which was double the total tumor cell inoculum. On weeks 5, 7,
Figure 3. NKG2D CAR T cell therapy confers protection against a NKG2D ligand-negative tumor cell re-challenge
Mice injected with ID8/GFP tumor cells received three doses of chNKG2D T cells 5, 7, and 9 weeks post-tumor inoculation, and these mice became long-term tumor-free survivors. (a) Tumor-surviving mice were re-challenged with 2 × 10 6 ID8/GFP-shRae1 cells i.p. 250 days after ID8/GFP injection. After 8 weeks, the number of solid tumors and tumor cells in ascites were assessed (***, p < 0.001 vs. naïve). (b) Splenocytes from tumor-surviving mice who did not receive a tumor re-challenge were isolated (at 250 days) and tested for production of IFN-γ in response to ID8, ID8/GFP-shRae1, RMA, and RMA-Rae1 (RMA-R) cells (***, p < 0.001 vs. naïve).
